
AN ABSTRACT OF THE THESIS OF

Bruce Robert Bartlett for the degree of Doctor of Philosophy

in Zoology presented on August 30, 1978

Title: BIOCHEMICAL CHANGES IN THE PACIFIC OYSTER, CRASSOSTREA GIGAS

(THUNBERG, 1795), DURING LARVAL DEVELOPMENT AND METAMORPHOSIS

Abstract approved:
Redacted for privacy

Dr. Al'red Owczarzok

The energy strategies of early development of the Pacific Oyster,

Crassostrea gigas, were examined. Changes in proteins, total carbo-

hydrates, free reducing sugars and total and neutral lipids were

determined for the unfertilized egg and larval stages through 13 days

post-settlement.

During early larval stages neutral lipid levels decreased and

provided the principle source of energy for development. Subsequently

they remained unchanged throughout settlement and metamorphosis.

Protein levels increased during larval stages and remained

largely unchanged after settlement. Total carbohydrate levels were

unchanged during larval development and through settlement and meta-

morphosis. Phospholipid values rose slightly during early larval

stages and remained unchanged through settlement and metamorphosis.

Starvation experiments confirmed the aforementioned findings

that neutral lipid was an important source of energy during early



larval life. Protein, however, contributed more energy than neutral

lipid in late larval life.

This study has shown that in C. gigas development, contrary to

the European oyster Ostrea edulis, neutral lipid was not accumulated

during larval feeding nor utilized during settlement and metamorphosis

relative to other organic fractions.
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I have often had cause to feel that my hands are cleverer than my

head. That is a crude way of characterizing the dialectics of exper-

imentation. When it is going well, it is like a quiet conversation

with Nature. One asks a question and gets an answer; then one asks

the next question, and gets the next answer. An experiment is a

device to make Nature speak intelligibly. After that one has only to

listen.

G. Wald
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BIOCHEMICAL CHANGES IN THE PACIFIC OYSTER, CRASSOSTREA GIGAS
(THUNBERG, 1795), DURING LARVAL DEVELOPMENT AND METAMORPHOSIS

INTRODUCTION

The larval development of marine benthic invertebrates has been

categorized by a number of authors into three or four types (Thorson,

1946; Ockelmann, 1965; Mileikovsky, 1971; Vance, 1973a). Vance (1973a),

reasoning ecologically, has combined the categories of Ockelmann

(1965) and Mileikovsky (1971) classifying patterns of larval develop-

ment as 1) planktotrophic, 2) lecithotrophic, 3) direct and 4) demer-

sal.

Eggs of planktotrophic forms are small and spawned in large

numbers. The resulting larvae are free-swimming and dependent upon

smaller plankton for nutrition. The advantage of spawning large

numbers of eggs is perhaps balanced by the disadvantages of plank-

tonic predation associated with long pelagic life and larval depen-

dency upon planktonic food (Vance, 1973a). Lecithotrophic larvae

are also free-swimming but receive nutrition mainly from stored

nutrients within the egg. Lecithotrophic eggs tend to be larger

and spawned in fewer numbers. The disadvantage of producing fewer

eggs is apparently balanced by their high survivorship (Vance, 1973a).

Direct development, also called non-pelagic development, includes

brooding, viviparity and the production of benthic egg masses. Vance

(1973a) suggests that the number of eggs produced by non-pelagic

developers is low possibly due to the expenditure of extra energy for

the production of supportive egg capsules and/or maintenance of
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internal brooding. Demersal development refers to larvae that feed

during a free-living benthic existence.

Recent theoretical consideration has been given to conditions

favoring reproductive efficiency during the early larval phases,

larval dispersal, substrate searching by late-stage larvae and early

benthic survival of marine benthic invertebrates (Vance, 1973a,b;

Strathmann, 1974; Obrebski, in preparation). Vance (1973a) defines

reproductive efficiency as the greatest number of reproducing off-

spring per calorie devoted to reproduction. In designing his model

he considers selective pressures on production of eggs and the survi-

val of larvae but not larval dispersal or post-metamorphic success.

Vance (1973a) considers only the extreme in the possible ranges of

egg sizes in which small eggs are planktotrophic and large eggs

lecithotrophic. He concludes that only completely planktotrophic

and completely lecithotrophic larvae are evolutionarily stable and

that both can occur in the same environment only when one or the other

mode is more reproductively efficient. Underwood (1974) questions

whether energy considerations (egg size) are important in regard to

organisms exhibiting planktotrophy rather than lecithotrophy and that

larval dispersal might be more important. However, valid the criti-

cism, Vance (1973a,b) has brought needed attention to the mechanisms

of reproductive strategy.

Strathmann (1974) has discussed some aspects of large scale

larval dispersal in benthic invertebrates having a long pelagic

period. He feels that large scale larval dispersal resulting from

a long pelagic phase is selected for when the adult environment is
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unpredictable or continuously deteriorating. However, a long pelagic

phase does not increase the probability of encountering favorable

settling sites since many larvae develop in the plankton for several

weeks before being able to take advantage of suitable settling sites.

He reasons that if enhanced substrate selection was the only advantage

of long pelagic life, one would not expect larvae to be released

until they are capable of settling and undergoing metamorphosis.

He states therefore that enhanced substrate selection is not a short-

term advantage of a long pelagic phase that disperses but rather that

short-term advantages are primarily due to the spread of sibling

larvae.

Obrebski (in preparation) in combining aspects of Vance's

(1973a,b) model with larval dispersal and post-metamorphic success,

states that the objective of a dispersal strategy in the larval

phase " is to colonize the highest proportion of the adult

habitats available in the dispersal range of the species at the

least cost in production of eggs, that is with maximum reproductive

efficiency (or minimum reproductive effort)." Obrebski contends that

length of larval life could depend upon food availability and the

efficiency with which energy is partitioned between maintenance cost,

development of larval structures for efficient habitat search and

storage for future use. In regards to planktotrophy he feels therefore

that the length of larval life necessary to finance complex struc-

tures needed for substrate search and settlement is balanced by in-

creased settlement success and post-metamorphic survival. Recent

biochemical and structural studies on planktotrophic larval
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development show that indeed a significant energy investment is made

in late larval life in the form of storage lipid and complex glandular

structure of the foot of bivalve pediveligers (Holland and Spencer,

1973; Cranfield, 1973a,b,c,; Lane and Nott, 1975; Gruffydd, Lane and

Beaumont, 1975).

The phases of larval development that are particularly impor-

tant in regards to the consumption or storage of energy require more

attention. Bayne (1972) in studies with the planktotroph, Mytilus

edulis points out that its larval development can be separated into

three definitive stages: I) Development from cleaving egg to prodis-

soconch I larva; This stage is represented by great morphogenetic

activity and reliance on stored reserves from the egg; II) A period

where the larva feeds and increases in size (growth of prodissoconch

II shell). Stage II is basically a period of maintenance and energy

storage for stage III; III) A period marked by the development of

primary gill filaments, functional larval foot and settlement for

metamorphosis. Stage III is a non-feeding period marked by great

morphogenetic activity and reliance on stored reserves from stage II.

Feeding during stage II is thus seen to provide the energy necessary

for the development of complex structures for substrate searching

and nutrient store during metamorphosis.

Although Bayne's (1972) larval stages refer to a planktotrophic

bivalve, his categories can be used for comparison with other marine

planktotrophs, lecithotrophs and direct developers as well. For

example, in the barnacles Balanus balanoides, B. balanus and Chthamalus

stellatus, internally brooded development prior to naupliar release
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is comparable to stage I, the feeding nauplius larva is comparable

to stage II and the non-feeding cypris is comparable to stage III.

Lecithotrophs and organisms exhibiting direct development could com-

pare with an extended stage I where energy for development was received

only from nutrients stored in the egg or obtained from some form of

brooding. This type of comparison would allow a more meaningful

understanding of how energy is partitioned among various forms for

development.

From existing literature on energy utilization during larval

development, a general pattern of neutral lipid storage and utiliza-

tion by planktotrophs and utilization of carbohydrate and to a lesser

extent protein by direct developers is seen (Table I). No comparison

of lecithotrophic development can be made here since little informa-

tion on biochemical composition of this developmental group currently

exists.

It is well known that neutral lipid and carbohydrate serve as

stores of energy (Stryer, 1975). The mobilization of these stores is

best studied through starvation experiments (Giese, 1966). Much is

known about energy partition in se sile, adult marine invertebrates

but energy partition in the larval stages of these marine invertebrates

is less well known (Holland and Hannant, 1974; Bayne, Babbott and

Widdows, 1975). Energy demands via an analysis of biochemical compo-

sition have been measured for larva through sessile adult stages in

the European oyster Ostrea edulis (Holland and Spencer, 1973; Holland

and Hannant, 1974). Neutral lipid was seen to be the main source of

energy during starvation experiments on the larvae. Neutral lipid



Table I: Biochemical Composition of Some Marine Larvae

Species Reference Developmental type
Principle organic faction
utilized during larval
development

Ostrea edulis Millar & Scott, 1967 Planktotrophic Neutral lipid
Holland & Gabbott, 1971
Holland & Spencer, 1973

Mytilis edulis Bayne et al., 1975 Planktotrophic Phospholipid and neutral
lipid during pre-feeding
period

Littorina littorea Holland et al., 1975 Planktotrophic Neutral lipid
Littorina neritoides II II II Planktotrophic Neutral lipid
Littorina saxatilis II II Direct Composition similar to adults

(internally brooded) (carbohydrate and neutral
lipid)

Littorina littoralis II II Direct Composition similar to adults
(benthic egg mass) (carbohydrate and neutral

lipid)

Holoplanktonic crustacea Lee et al., 1971 Neutral lipid but to some
extent protein

Barnes, 1965
Dawson & Barnes, .1966

Internally brooded
until released as
planktotrophic

While in brood: protein,
carbohydrate then neutral
lipid just prior to naupliar

Balanus balanoides nauplius release
and Hypothetical. No data Planktotrophic Neutral lipid?

Balanus balanus available (feeding nauplius)
Holland & Walker, 1975 Cyprid Neutral lipid

(non-feeding dispersal
stage)



Table I (continued)

Species
Principle organic fraction

Reference Developmental type utilized during larval
developtent

Chthamalus stellatus Achituv & Barnes, 1976 Internally brooded
until released as
planktotrophic
nauplius

Carbohydrate and higher
percentage of neutral lipid

Cucumaria curata Turner & Rutherford, Direct Carbohydrate
1976 (externally brooded)
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was also shown to be stored at its highest larval level just prior

to settling and metamorphosis. After settling and metamorphosis,

the neutral lipid level continually dropped as the adult mode of life

began and remained at a low level while carbohydrate concentration

rose and subsequently cycled with the reproductive season of the

adults. The change-over from neutral lipid to carbohydrate as the

major source of energy occurred three to five months after settlement.

This pattern of neutral lipid utilization during larval stages and

carbohydrate utilization in sessile adulthood seems to occur in many

organisms exhibiting planktotrophic development (Holland and Hannant,

1974; Table I).

The possible advantages of lipid over carbohydrate as an energy

source in planktotrophic larvae appear to be 1) neutral buoyancy

offered by lipid is better than that offered by glycogen, 2) lipid

yields more than twice the amount of energy than an equivalent dry

weight of carbohydrate (lipid, 9.45 kcal/g and carbohydrate, 4.10

kcal/g) and eight times the amount of energy when compared to hydrated

carbohydrate, 3) since the larval environment is well oxygenated,

neutral lipid may be utilized by normal pathways of oxidative degra-

dation and 4) oxidative degradation of neutral lipid yields more

metabolic water than carbohydrate which may prove beneficial to the

larvae (Brody, 1945; Holland and Hannant, 1974; Sargent, 1976; Weis-

Fogh, 1952).

As mentioned, carbohydrate is the main energy store in many

intertidal adult molluscs. Since these organisms are periodically

exposed, anaerobic metabolism may become necessary. The advantages
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of carbohydrate over lipid as an energy store in the adult environment

appears to lie in the fact that under anaerobic conditions carbohydrate

is easily metabolized via the glycolytic pathway whereas lipids are

not readily catabolized anaerobically (Holland and Hannant, 1974).

Dissolved organic matter (DOM) has been shown to supply a large

part of the dietary requirements of some marine infaunal organisms

and little contribution to epifaunal and pelagic marine species (see

Jorgensen, 1976 for a review of the literature). Oyster and sea

urchin larvae however have the ability to supplement their diet with

DOM during early stages of development (DeBoer, 1975; Strathmann,

1975) The overall significance of the contribution of DOM to the

energy budgets of the oyster and sea urchin is difficult to assess

and apparently is far reduced when larval feeding structures are

functional (Strathmann, 1975). The dietary contribution of DOM will

not be considered in this study.

Since it has been shown that the major energy source for early

developmental stages varies; i.e. carbohydrates in some species exhi-

biting direct development vs neutral lipids for certain planktotrophic

bivalves, gastropods and barnacles, evaluation of the relative utili-

zation of biochemical constituents may reflect the developmental

strategies displayed by a species. It would seem that neutral lipid

should be the preferred storage material in planktotrophic species due

to its high energy yield and ease of storage when compared with protein

and carbohydrate. Turner and Rutherford (1976), however, state that

carbohydrate provides much of the metabolic energy for the plankto-

trophic larvae of sea urchins. The utilization of neutral lipid as
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the principle source of energy during the development of planktotrophic

species is therefore not universal. Is the choice of principle energy

usage related to the systematic position of an organism or to the

physioecological constraints placed upon its development? To best

answer this question, information is needed regarding the storage and

utilization of energy in planktotrophic development. A better under-

standing of the reproductive strategies employed by marine benthic

invertebrates would then result.

The pattern of energy utilization during development in the

planktotrophic Pacific oyster, Crassostrea gigas (Thurnberg, 1795),

is addressed by this thesis. Energy utilization was measured through

an analysis of the biochemical composition during normal larval devel-

opment and the stress of starvation. Larvae of the Miyagi variety

of C. gigas (the most commercially important of four varieties intro-

duced into the United States) were assayed for changes in protein,

total carbohydrate, free reducing sugar, total and neutral lipids

during development and metamorphosis. Changes in biochemical consti-

tuents were compared at the Pilot Oyster Hatchery of Oregon State

University at Newport, Oregon and the commercial oyster hatchery of

Coast Oyster Company at Ocean Park, Washington.



MATERIALS AND METHODS

Larval Rearing

Larvae of Crassostrea gigas were reared at the Pilot Oyster

Hatchery of Oregon State University Marine Science Center ar Newport,

Oregon and at the Coast Oyster Company hatchery at Ocean Park, Wash-

ington. Larvae were reared according to the techniques established

by Lossanoff and Davis (1963) and Breese and Malouf (1975). Culture

differences at the two hatcheries are discussed below.

Newport larvae were reared from fertilized egg to metamorphosis

at 25° C in 500 liter aerated tanks. Aeration continually suspended

larvae and larval food. Larval density was maintained at ten larvae

per ml at straight hinge stage (shelled larvae approximately 75 um)

and was gradually reduced to five per ml prior to metamorphosis

(Breese and Malouf, 1975). Seawater for larval culture was pumped

from Yaquina Bay to the hatchery and passed through a sand filter

and a UV sterilizer. The sterilizer was used to kill organisms not

removed by sand filtration. Larval cultures were fed with the alga

Pseudoisochrysis paradoxa (VA-12), according to the schedule esta-

blished by Breese and Malouf (1975).

Tanks were drained at four day intervals through a sieve of

appropriate size to retain the entire population. Tanks were

drained at these intervals to replenish the culture with clean rearing

water (CRW) and to remove dead algae and larval feces. Larvae were

then transferred to a bucket filled with ten liters of CRW and

the size of the population was estimated. The larvae then
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were kept suspended in the bucket by a perforated plexiglass plunger.

Three 1.0 ml aliquots of the larval suspension were then removed

with an automatic pipette and the larvae counted. One hundred lar-

vae were chosen at random from the aliquots and measured. The ali-

quots provided an estimation of the population and mean larval size.

Measurements and population counts were made with the use of a com-

pound microscope. The remaining larvae in the ten liter bucket were

then resuspended in CRW in a 500 liter tank and fed. Larvae reared

in this manner were ready to set (attached larvae) after approxima-

tely three weeks of rearing.

Spat (post-metamorphic larvae) from Newport and from Coast

Oyster Co. were maintained at Newport for a period of thirteen days.

Spat were maintained at 25° C in CRW in ten liter buckets and fed P.

paradoxa according to the schedule established by Breese and Malouf

(1975). Rearing water was changed every four days for the same

reasons previously described for larval culture. Sieves were not

needed to retain spat since they were attached to either the inner

surface of the bucket or to a substrate placed within the bucket.

During a change in water the buckets were rinsed and refilled with

CRW.

Spat density was estimated by randomly placing a one-half inch

square wire grid over the substrate and counting the organisms

within the grid area. This procedure was repeated five times at

each change in water and the density estimated from the mean of the

five replicates. Twenty-five spat were measured with a compound

microscope during each change of water.
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Coast Oyster Company larvae were reared in 25,000 liter tanks

in CRW at 25° C and were fed a mixed algal diet of Pseudoisochrysis

paradoxa (VA-12), Monochrysis lutheri, Isochrysis galbana, and the

diatom Cyclotella nana (3H). CRW was processed as it was in Newport.

When the larvae ranged from 75 pm (straight hinge) to 200 pm, a mixed

diet of P. paradoxa, M. lutheri, and I. galbana was used. A mixed

diet of P. paradoxa, I. galbana and C. nana was used when the larvae

ranged from 200 pm to setting size (300 pm). Tanks were drained

through sieves at three day intervals and processed as they were at

Newport. Estimates of population size and larval dimensions were

performed by laboratory personnel at Coast Oyster Co. every three

days in the manner previously described for Newport.

Coast Oyster Co. larvae were separated after seven days of cul-

ture according to growth rate classes. This was achieved by sieving

the larvae into three size categories by using a stack of sieves of

decreasing mesh size. The smallest size class, 112-120 pm, was dis-

carded as Loosanoff and Davis (1963) found slow growing bivalve

larvae rarely set. The remaining two size classes, 126-140 pm and

160 pin and up were resuspended in separate tanks containing CRW and

cultured to setting size. Larvae cultured in this manner were ready

to set after approximately two weeks.

Settling of Larvae

In nature, oysters generally settle on intact adult oyster shell

(cultch). Holland and Spencer (1973) found that the biochemical

analysis of spat was facilitated by using cultchless (substrate free)
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spat. Breese and Malouf (1975) noted that flexible plastic sheeting

and small chips (3 mm square) of crushed adult shell served as sub-

strate for cultchless oyster settlement. Larvae set on plastic

sheets could be made cultchless by bending the sheets until the spat

popped off. Larvae set on oyster chips can be considered cultchless

since the chips are small and quickly outgrown.

At Newport flexible plastic sheeting and small oyster chips

were suspended in tanks containing settling larvae. Larvae failed

to set on plastic sheeting and oyster chips. Unfortunately, these

substrates were tried on Newport cultures grown during the time the

Northwest was experiencing a severe drought. Water pumped from Yaquina

Bay during this period, treated in the normal manner, proved to be

toxic to larval cultures and resulted in high mortality. Samples of

spat were obtained from bucket and culture tank surfaces from cultures

reared before and after the period of toxic hatchery water.

Starvation of Larvae

Larval starvation experiments were carried out in the Department

of Zoology at Oregon State University, at Corvallis, Oregon.

Approximately 10,000 to 200,000 larvae were used in each starva-

tion experiment depending upon the stage of development. Samples of

larvae were taken from Newport every four days and placed in insulated

containers and transported to Corvallis. At Corvallis the samples

were placed in ten liter buckets and the buckets, in turn, placed

in aquaria preheated to 25° C, the normal temperature of hatchery
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cultures. Larvae were starved for two days in CRW and harvested in

the manner of fed samples.

Collection of Samples

Sufficient fed or starved larvae and fed spat were collected

and counted to yield freeze dried units of 5-10 mg. Newport samples

were collected during routine water changes after the larval popu-

lation had been estimated and the mean larval size determined (Figure

1).

Approximately 200,000 eggs per sample were taken prior to ferti-

lization. Each egg sample was retained on a plexiglass sieve of 4 cm

diameter fitted with a 20 um nylon mesh base. The sample was then

rinsed with 0.9% ammonium formate to remove sea salts and pip tted

into a 2 ml lyophilyzing ampule. The ammonium formate was then re-

moved from the ampule and replaced with a small volume of distilled

deionized water. The sample was then quick-frozen in an acetone-

dry ice bath.

Samples of fed and starved larvae were treated in the same man-

ner as described for eggs except that larger mesh sieves were used

which would still retain the sample of a chosen size range. Only

distilled deionized water was used to quickly rinse the sample of

sea salts prior to quick-freezing. Larval numbers per sample ranged

from 200,000 at straight hinge to 10,000 at eyed veliger stage in

order to maintain the desired 5-10 mg freeze-dried sample.

Spat sample size ranged from approximately 1,000 at four days

post-settlement to 30 at day thirteen. Spat samples were rinsed and



Figure 1. Technique for Larval Rearing and Sampling.
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quick frozen in the same manner as larvae.

Coast Oyster Company samples of larvae were taken at three day

intervals during regular changes of rearing water. These samples

were of known age but the sample size was not determined. Neverthe-

less enough quick-frozen eggs and larvae were obtained for biochemical

analysis.

Routine collection of larvae at both hatcheries had little

effect on population dynamics since cultures at Newport contained

approximately five million larvae. Those at Coast Oyster Co. con-

tained 12 million.

Storage and Preparation of Samples for Biochemical Analysis

Quick-frozen samples were transported to Corvallis under dry ice

and stored in a dry ice freezer (-900 C). Samples were then freeze-

dried. The ampules were heat-sealed and stored at -15° C until bio-

chemical analysis was performed.

Prior to biochemical analysis samples were weighed on a Mettler

H-20 T balance sensitive to the nearest 0.01 mg. The freeze-dried

weight per individual was calculated for oysters from Newport cultures.

Biochemical Fractionation

Distilled and deionized water, analytical reagent chemicals and

spectrophotometric grade solvents were used throughout fractionation

and end product analysis.

After weighing, samples were fractioned according to the scheme

developed by Holland and Gabbott (1971), Holland and Hannant (1973)
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and Holland (personal communication). The technique is a modified

form of the Schmidt and Thannhauser (1945) method as cited by Holland

and Gabbott (1971).

Weighed samples were homogenized in a glass micro-homogenizer.

To each sample 100 ul of water was added and the sample homogenized

for two minutes at 390 rpm with a motor-driven pestle. After homogeni-

zation, 400 ul of water were added and the homogenate dispersed by

plunging the glass pestle up and down ten times. Aliquots were taken

and employed in the fractionation procedure (Figure 2).

Fractionation and end product analysis was spaced over a two

day period. Total protein, lipid and precipitated protein were iso-

lated on the first day. End product analysis of protein was carried

out on the first day and lipid and carbohydrate fractions were stored

overnight at 4° C. Further isolation of carbohydrate into total

carbohydrate and free reducing sugars was carried out on the second

day. End product analysis of lipid and carbohydrate was also performed

on the second day.

A Sorval GLC-1 table top centrifuge was used in centrifugation

steps (Figure 2).

End Product Analysis

Total protein, precipitated protein, total carbohydrates, free

reducing sugars, total lipid and neutral lipid were determined spectro-

photometrically. The techniques employed for end product analysis

were those cited by Holland and Gabbott (1971), Holland and Hannant

(1973), and Holland (personal communication).
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Figure 2. Scheme Used to Fractionate Aliquots of Freeze-Dried Oyster
into Lipid, Total Protein, Precipitated Protein and Carbo-
hydrate.

Initial Fractionation
Weigh freeze-dried material
and homogenize in glass
homogenizer with 100 pl H2O

Pyrex test tubes Reaction tubes Reaction tubes

200 p1
4

+ 500 p1 methanol
+ 250 p1 chloroform
Shake for 1 min.
Stand at 4° C for

10 min.

Centrifuge 10 min at
2000 rpm.

Decant supernatant.

50 pl

1
(TOTAL PROTEIN)
+ 50 pl 5N NaOH
560 C for 30 min.
Centrifuge 10 min at

2000 rpm and
decant.

SUPERNATANT (LIPID)
+ 250 p1 chloroform
+ 250 p1 H2O
Shake for 1 min.
Stand at 4° C for 5 min.
Shake, centrifuge 10 min

at 2000 rpm.

Discard top phase. (metlj). -H20 phase)
Dry bottom phase at 100 C

15-20 min. (Chloroform "lipid" phase)
Store 4° C.

200 pl

+ 100 pl cold 15% TCA.
Shake 2 min.
Stand at 4° C for 10

min.

Shake, centrifuge 10
min at 2000 rpm.

Remove supernatant.
Wash ppt. with 200 p1

5% TCA.

Centrifuge 10 min.
Combine supernatants.
Store 4° C.

PRECIPITATE
(Ppt. PROTEIN)
+ 500 p1 1N NaOH
Heat 30 min at 56° C.
Centrifuge 10 min at

2000 rpm.
Decant.

SUPERNATANT (in reaction
tube)

(CARBOHYDRATE)
Free sugars. 2 X 100 p1
+ 100 p1
6N HC1:6N NaOH:5% TCA
20 pl: 20 p1 : 60 pl

Total carbohydrate.
2 X 100 pl

+ 20 pl 6N Hal.
Mark level.
95° C for 2. hours.

Close tops after 5 min.
Check and make to
mark with H

2
O.

Cool.

+ 20 pl 6N Na0H.
+ 60 pl 5% TCA.
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Definition of the terms used are as follows: Total protein -

material hydrolyzed by 5N NaOH; Precipitated protein - material in-

soluble in 5% trichloracetic acid; Total carbohydrate - all substances

reducing alkaline ferricyanide after hydrolysis of the trichloracetic

acid soluble extract; Free reducing sugars (FRS) - material obtained

from an unhydrolyzed sample of the trichloracetic acid extract;

Polysaccharide - the difference between total carbohydrate and FRS;

Total lipid - material extracted from a sample of aqueous homogenate

into a 1:2 mixture of chloroform:methanol and charred with concen-

trated sulfuric acid; Neutral lipid - material remaining in solution

after treatment of total lipid fraction with activated silicic acid

followed by centrifugation and charring; Phospholipid - the difference

between total lipid and neutral lipid.

Total and precipitated protein were determined by the Lowry et al.

(1951) method as provided by Holland (personal communication). Ab-

sorbance was determined at 750 nm with a Beckman DU-2 spectrophoto-

meter in a 10 mm path length semimicrocell. Human serum albumin was

used as standard.

Total carbohydrates and free reducing sugars were determined

by a modification of the method used by Folin and Malmros (1929) as

cited by Holland and Gabbott (1971). Glucose was used as standard.

Absorbance was determined at 420 nm with a Beckman DU-2 and Cary-15

spectrophotometer in a 10 mm path length semimicrocell.

Total and neutral lipid was determined by the charring technique

of Marsh and Weinstein (1966) as cited by Holland and Hannant (1973).

Tripalmitin was used as standard. Absorbance was determined at 375
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nm with a Cary-15 spectrophotometer in a 20 mm path length semimicro-

cell.

Total organic matter is the sum of the values for total protein,

total carbohydrate and total lipid. Values are expressed as micro-

grams of organic product per milligram of freeze-dried weight. Total

dry weight refers to the freeze-dried weight representing flesh plus

shell.

Statistical Methods

The number of replicate samples necessary to obtain repeatable

results was determined by using Student's t-test on biochemical

results. This test indicated that replicate samples from early (day

seven) to late (day fifteen) larval development could be reduced from

five to two without a loss in reproducibility (Table II).



Table II. Biochemical Composition of Seven and Fifteen Day Old Larvae of Crassostrea gigas, Expressed
as izemg Dry Weight of Larvae. Use of Five Replicates to Show the Effect of Sample Size on
Reproducibility. Culture Grown at Coast Oyster Co. (Sept. 1977).

Sample
Total
protein

Free reducing Polysac-
sugars charide

Neutral
lipid

Phospho-
lipid

Total organic
matter

Day 7

1 118.6 3.42 5.37 15.3 18.5 161.1

2 126.2 3.67 5.76 15.6 18.8 170.1

3 127.2 3.55 5.12 14.6 19.1 169.6

4 126.7 3.65 5.25 14.7 16.5 166.8

5 126.7 3.40 5.88 14.8 16.0 166.8

Mean 125.1 3.54 5.48 15.0 17.8 166.9

S.D. ± 3.64 ± 0.13 ± 0.33 ± 0.43 ± 1.42 ± 3.55

95% C.I. 117.8 - 132.4 3.28 - 3.80 4.82 - 6.14 14.1 - 15.9 14.9 - 20.6 159.8 - 174.0

* t-test 125.1 ± 7.14 3.54 ± 0.25 5.48 ± 0.65 15.0 ± 0.84 17.8 ± 2.79 166.9 ± 6.97

Day 15

1 184.9 5.85 5.27 13.5 17.5 232.3

2 185.0 6.17 5,39 13.4 16,1 231.5

3 182.2 5.84 5.56 14.9 19.5 228.1

4 172.6 5.57 5.56 13.8 18.4 216.0

5 183.4 5.40 5.77 15.2 21.9 231.7

Mean 181.6 5.77 5,51 14.2 18.7 227.9



Table II (continued)

Sample
Total Free reducing Polysac- Neutral Phospho-
protein sugars charide lipid lipid

Total organic
matter

S.D. ± 5.17 ± 0.29 ± 0.19 ± 0.83 ± 2.19 ± 6.86

95% c.I. 171.3 - 191.9 5.18 - 6.36 5.13 - 5.89 12.5 - 15.9 14.3 - 23.1 214.2 - 241.6

* t-test 181.6 ± 10.15 5.77 ± 0.57 5.51 ± 0.75 14.2 ± 1.63 18.7 ± 4.30 227.9 ± 13.47

* n=2 with 4 degrees of freedom



RESULTS

Changes in proteins, total carbohydrates, free reducing sugars

and total neutral lipids were determined in the Pacific oyster,

Crassostrea gigas from unfertilized egg to 13 days post-settlement.

Oyster Larval Development

The development of C. gigas at 25° C under hatchery conditions

is as follows:

Fertilization

Swimming Trochophore

Straight hinge veliger = Prodisso-
conch I (no longer relies on
stored material in the egg - now
a feeding individual)

Prodissoconch II

Eyed veliger

Spat = Set = Attached juvenile
oyster

Metamorphosis = Process of reorga-
nization of larval tissues to the
adult form

0 hours

12 hours

1-6 days

1-21 days

14-21 days

21 days

21-24 days

Shell Length and Total Dry Weight per Larva and Spat

24

Shell length

(um)

55

75-120

75-300

200-300

The mean values for shell elngth and total dry weight of fed

and starved larvae grown at Newport and fed spat set at Coast Oyster

Company are given on Table III. The range in larval length increased

from 69-81 um on day two to 137-335 um on day 22 (metamorphosis).
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Table III. Length and Dry Weight (including shell) of Fed and Starved
Larvae and Fed Spat. Values are Means of Larval Cultures
Grown at Newport (Sept. 1977) and Spat at Coast Oyster Co.
(June 1978). Values for Total Dry Weight are Means of Two
Replicates.

Mean length
and range

Mean total dry
weight per animal

Larvae
(days after fertilization)

Day 0 (unfertilized egg)

Day 2

+ 48 hr. starved

Day 6

+ 48 hr. starved

Day 10

+ 48 hr. starved

Day 14

+ 48 hr. starved

Day 18

+ 48 hr. starved

Day 22

* Day 15

Spat
(days after settlement)

Day 4

Day 9

Day 13

(pm) (jig)

55.0

74.8 (69-81)

80.0 (75-81)

98.6 (81-115)

101.5 (81-112)

130.7 (100-180)

136.6 (106-174)

172.0 (106-242)

162.8 (118-242)

200.4 (124-304)

201.1 (124-310)

228.0 (137-335)

330.0 (300-340)

0,03

0.07

0.09

0.47

0.36

0.68

0,64

1.29

1.27

1.14

1.04

2.36

4.12

450.0 (390.0-500.0) 16.4

688.0 (400.0-1,100.0) 39.8

1920.0 (1,400.0-2,500.0) 370.5

* Eyed veligers obtained from The Netarts Bay Hatchery (Sept. 1977)
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Laboratory reared spat ranged in length from 450.0 pm at four days

after settlement to 688.0 pm at nine days. Spat set at Coast Oyster

Company and reared in Willapa Bay were 1,920.0 pin in length 13 days

after settlement.

The mean total dry weight per larva increased from 0.03 pg at

day zero (unfertilized egg) to 2.36 pg at day 22 (settlement). The

mean total dry weight per larva of eyed veligers collected from the

hatchery at Netarts Bay, Oregon was 4.12 pg (Table III). There was

a slight drop in total dry weight per larva after 48 hours of starva-

tion (Table III). Laboratory reared spat increased from 16.4 ,ug

total dry weight per animal at four days after settlement to 39.8 pg

at nine days. The spat set at Coast Oyster Co. and reared in Willapa

Bay had a total dry weight of 370.5 pg per animal 13 days after

settlement.

Biochemical Analysis Expressed as pg/mg Total Dry Weight

The results of the biochemical analysis, expressed as pg/mg

total dry weight, are given in Tables IV, V, and VI. In one culture

at Newport the level of organic matter (pg/mg total dry weight) de-

creased from a mean of 433.1 pg/mg at the stage of unfertilized egg

to a mean of 170.0 pg/mg after nine days of culture. The level of

organic matter then increased to a mean of 259.4 pg/mg after 21 days

of culture (eyed veliger) and decreased to a mean of 89.4 pg/mg in

spat 13 days after settlement (Table IV). In another culture reared

at Newport the level of organic matter decreased from a mean of 571.5

pg/mg at the stage of unfertilized egg to a mean of 148.6 pg/mg after



Table IV. Precipitated Protein, Total Protein, Carbohydrate and Lipid (pg/mg total dry weight) in
C. gigas During Early Stages of Development. Culture Grown at Newport (June 1977). Values
are Means of Two Replicates.

Precipitated Total
protein protein

Total carbohydrate Total lipid
Total organic
matter

Free reduc- Polysac-
ing sugars charide

Neutral
lipid

Phospho-
lipid

Larvae
(days after
fertilization)

Day 0 222.5 284.3 19.12 12.01 91.6 26.0 433.1

Day 1 106.8 170.3 6.23 11.18 40.6 15.5 243.8

Day 9 97.1 127.0 3.65 4.58 18.0 16.7 170.0

Day 18 139.5 161.2 4.57 5.09 19.2 22.6 212.8

Day 21 136.0 173.3 5.23 5.81 26.8 48.3 259.4

Spat
(days after
settlement)

Day 4 88.9 100.6 3.22 5.36 11.5 10.0 130.7

Day 13 61.3 70.6 3.15 5.09 6.3 4.2 89.4



Table V. Precipitated Protein, Total Protein, Carbohydrate and Lipid (fig /mg total dry weight) in
C. gigas During Early Stages of Development. Culture Grown at Newport (Sept. 1977). Values
are Means of Two Replicates.

Precipitated Total
protein protein

Total carbohydrate Total lipid
Total organic
matter

Free reduc-
ing sugars

Polysac-
charide

Neutral
lipid

Phospho-
lipid

Larvae
(days after
fertilization)

Day 0 457.6 477.0 11.36 12.23 128.5 42.4 671.5

Day 2 81.1 126.0 4.72 4.74 33.9 11.2 180.4
+48 hr starved 61.7 78.7 3.62 6.09 9.1 7.1 104.6

Day 10 90.5 106.3 3.61 4.27 18.6 15.8 148.6
+48 hr starved 74.9 95.8 3.18 3.77 11.3 11.2 125.2

Day 14 107.6 131.4 3.77 4.27 17.8 18.6 175.9
+48 hr starved 100.8 122.4 3.19 4.49 14.9 15.7 160.7

Day 18 125.0 146.5 4.39 5.24 21.0 18.6 195.7
+48 hr starved 94.2 122.6 3.34 4.93 12.0 12.7 155.6

Day 22 126.1 153.7 4.68 5.07 21.9 19.9 205.3

Larvae

Day 27b 138.6 180.3 4.30 5.00 16.0 15.9 221.5
Day 15 165.4 203.0 6.25 4.50 14.8 21.1 249.8
Day 15c 190.0 208.3 5.31 5.82 18.8 22.5 260.8

a - Eyed veligers reared at Newport (Sept. 1976)
b - Eyed veligers reared at Coast Oyster Co. (June 1978)

r.)

c - Eyed veligers reared at Netarts Bay (Sept. 1977) co



Table VI. Precipitated Protein, Total Protein, Carbohydrate and Lipid (jug /mg total dry weight) in
C. gigas During Early Stages of Development. Culture Grown at Coast Oyster Co. (Sept. 1977)
Values are Means of Three Replicates.

Range
larval
length

of
Precipitated Total

(pm) protein protein

Total carbohydrate Total lipid Total
organic
matter

Free reduc- Polysac-
ing sugars charide

Neutral
lipid

Phospho-
lipid

Larvae
(days after
fertilization

* Day 0 395.6 469.5 10.25 10.95 148.2 41.2 680.1

* Day 1 80 146.2 191.6 6.37 5.76 63.7 20.6 288.0

* Day 4 100-112 87.8 110.2 3.28 5.52 15.1 15.2 149.3

* Day 7 112-160 92.6 125.2 3.27 4.86 12.5 16.5 162.4

Day 7 112-120 68.3 85.5 3.21 5.11 10.9 11.5 116.3

Day 7 126-140 96.5 117.2 3.85 5.45 18.1 17.5 162.1

Day 7 160 75.8 110.8 3.58 4.71 13.3 17.7 150.1

Day 10 168-196 114.2 141.4 4.14 4.11 12.6 9.7 171.8

* Day 10 188-230 122.5 144.4 4.02 4.48 15.5 12.0 180.4

Day 13 210-240 220.4 222.4 4.36 5.30 11.8 18.6 262.5

* Day 13 280-300 149.8 185.4 4.29 5.43 14.7 21.7 231.5

* Day 15 300 165.0 201.7 4.82 5.94 16.8 22.1 251.3



Table VI. (continued)

Range of
larval
length ()1m)

Precipitated Total
protein protein

Total carbohydrate Total lipid Total
organic
matter

Free reduc- Polysac-
ing sugars charide

Neutral
lipid

Phospho-
lipid

Spat
(days after
settlement)

** Day 4 78.3 93.4 4.11 3.62 8.4 8.9 118.4

** Day 9 63.2 82.5 5.51 2.92 7.9 12.6 111.4

*** Day 13 74.3 92.7 4.83 3.93 8.7 8.5 118.7

* Days of culture used in Figures 3 and 6
** Eyed veligers set at Coast Oyster Co. and reared at Newport Hatchery
*** Eyed veligers set at Coast Oyster Co. and reared in Willapa Bay
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ten days of culture. The level of organic matter then increased to

a mean of 205.3 ig /mg after 22 days of culture (metamorphosis) (Table

V).

In a culture reared at Coast Oyster Company the level of organic

matter decreased from a mean of 680.1 jig /mg at the stage of unferti-

lized egg to a mean of 149.3 jig /mg after four days of culture. The

level of organic matter then increased to a mean of 251.3 )g /mg after

15 days of culture (metamorphosis) and decreased to a mean of 111.4

pg/mg in spat nine days after settlement. Spat set at Coast Oyster

Company and reared in Willapa Bay exhibited a mean level of 118.7

jig /mg 13 days after settlement (Table VI).

Other cultures in which only metamorphosing veligers were as-

sayed exhibited a mean organic level of 221.5 pg/mg (Newport), 249.8

jig /mg (Coast Oyster Company) and 260.8 pg/mg (Netarts Bay) (Table V).

Changes in Percent of Inorganic Matter

Changes in inorganic matter, expressed as a percentage of total

dry weight of animal are shown in Figures 3 and 4. Unfertilized

eggs represent the starting point of the cultures at day zero. It

is obvious that unfertilized eggs do not possess shells so that the

starting points for percentage of inorganic material do not represent

shell material but do represent inorganic matter.

In one culture at Newport the percentage of inorganic matter

increased from 57 at unfertilized egg to 83 after nine days of culture.

Percentage of inorganic matter then decreased to 74 after 21 days

(metamorphosis) and increased to 91 thirteen days after settlement.
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Figure 3. Changes in the Percentage of Inorganic Matter in C. gigas
During Larval Development and Spat Growth. Points Represent
the Means of Two Replicates. Inorganic Matter is the
Difference Between the Total Dry Weight and the Total Weight
of Organic Matter in Larvae and Spat and is Expressed as a
Percentage of Total Dry Weight of Animal. Cultures Grown
at Newport.

0 (June, 1977)
a (Sept., 1977)
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Figure 4. Changes in the Percentage of Inorganic Matter in C. gigas
During Larval Development and Spat Growth. The Range and
the Means are Shown. Points Represent the Means of Three
Replicates. Inorganic Matter is the Difference Between
the Total Dry Weight and the Total Weight of Organic Matter
in Larvae and Spat and is Expressed as a Percentage of Total
Dry Weight of Animal. Cultures Grown at Coast Oyster Co.
(Sept. 1977).
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In another culture reared at Newport the percentage of inorganic

matter increased from 33 at unfertilized egg to 85 after ten days of

culture. Percentage of inorganic matter then decreased to 79 after

22 days (settlement).

In a culture reared at Coast Oyster Company the percentage of

inorganic matter increased from 32 at unfertilized egg to 85 after four

days of culture. Percentage of inorganic matter then decreased to 76

after 15 days (settlement) and increased to 89 nine days after settle-

ment. Spat set at Coast Oyster Company and reared in Willapa Bay

exhibited a level of 88% inorganic matter 13 days after settlement

(Figure 4).

The sharp rise in percentage of inorganic matter from unfertilized

egg to a level of 71-82% after one to two days of culture (Figures 3

and 4) represents a critical period marked by rapid secretions of the

larval shell gland to form the first larval shell (prodissoconch I).

The larva is then termed a straight hinge larva or D-shaped larva.

Subsequent shell growth is termed second larval shell or prodisso-

conch II.

Protein, Lipid and Carbohydrate Composition of Fed Larvae and Spat

The levels (ligimg total dry weight) of precipitated protein,

total protein, free reducing sugar, polysaccharide, neutral lipid and

phospholipid all decreased during early larval development then in-

creased as development approached late eyed veliger stage and decreased

again during spat growth (Tables IV, V, and VI). This cycling masked

the relative changes in organic components due to the presence of
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inorganic matter.

The relative changes in organic components in both larvae and

spat can be better understood by expressing each constituent as a

percentage of the total organic matter and by expressing the accumula-

tion of each biochemical constituent on a per individual larva or spat

basis. Such treatment is independent of changes in inorganic matter.

Figures 5, 6 and 7 show Newport and Coast Oyster Company cultures

expressed as a percentage of the total organic matter and Figure 8

shows the accumulation of biochemical constituents on a per larva

basis of a culture grown at Newport.

Data from day 22 (Figure 5) and day 18 (Figure 8) appear to

noticeably deviate from the rest. This deviation was probably due to

a laboratory error and not inherent within the samples since the days

in question were fractionated simultaneously. Data from day 18 (Figure

6) also showed this deviation but was corrected after additional

material from this date was assayed. No additional material was

available for day 22 (Figure 5) or day 18 (Figure 8). The uncorrected

data points are therefore plotted, unconnected, and not included in

the following discussion.

In one culture reared at Newport total protein as a percentage

of total organic matter increased steadily during larval development

and spat growth from 65.6% as unfertilized eggs to 75.8% at late eyed

veliger stage and 79.0% thirteen days after settlement (Figure 5).

In another culture grown at Newport the changes in total protein were

similar except for a slight drop from 71.0% as unfertilized eggs to

69.8% after two days in culture (straight hinge larval stage). Total
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Figure 5. Total Protein, Neutral Lipid, Phospholipid, Free Reducing
Sugars and Polysaccharide as a Percentage of Total Organic
Matter in C. gigas During Larval Development and Spat
Growth. Culture Grown at Newport (June 1977).

O Protein
A Neutral lipid
O Phospholipid

Polysaccharide
Free reducing sugars
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Figure 6. Total Protein, Neutral Lipid, Phospholipid, Free Reducing
Sugars and Polysaccharide as a Percentage of Total Organic
Matter in C. i as During Larval Development. Culture
Grown at Newport Sept. 1977).
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Figure 7. Total Protein, Neutral Lipid, Phospholipid, Free Reducing
Sugars and Polysaccharide as a Percentage of Total Organic
Matter in C. gigas During Larval Development and Spat
Growth. Culture Grown at Coast Oyster Co. (Sept. 1977).
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Figure 8. The Neutral Lipid, Phospholipid, Free Reducing Sugars,
Polysaccharide, Protein and Total Organic Content of C.
gigas During Larval Development. Points Represent Means
of Two Replicates. Culture Grown at Newport (Sept. 1977).
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protein then increased to 74.9% at late eyed veliger (Figure 6). In

a culture grown at Coast Oyster Company total protein decreased from

69.0% as unfertilized eggs to 66.5% after one day of rearing (straight

hinge larval atage). Total protein then increased steadily to 80.1%

after ten days and remained at this level until dropping to 74.0% nine

days after settlement. Spat set at Coast Oyster Company and reared

in Willapa Bay showed 78.1% of total protein 13 days after settlement

(Figure 7). Changes in precipitated protein paralleled those of total

protein in all cultures but was consistently about 81% of total protein.

Figures 4 and 5 show that at Newport neutral lipid as a percen-

tage of total organic matter decreased from a high of approximately

20.0% in unfertilized eggs to 10.6% during early larval development

and remained near this level through settlement and metamorphosis

until dropping to 7.1% thirteen days after settlement. This drop to

10.6% of the total organic matter occurred at nine and 14 days, re-

spectively after fertilization. At Coast Oyster the neutral lipid

percentage rose slightly from 21.8 as unfertilized eggs to 22.1 one

day after fertilization then dropped to 10.1 four days after fertili-

zation. The level then fluctuated between 10.1 and 6.3 prior to

settling and rose slightly to 7.1 nine days after settlement. The

spat reared in Willapa Bay showed a nautral lipid level of 7.5%

thirteen days after settlement.

Phospholipid, on the other hand, as a percentage of total or-

ganic matter increased in all cultures compared to neutral lipid from

approximately 6.0% as unfertilized eggs to 9.8 and 10.6% in Newport

cultures nine and ten days after fertilization and to 10.2% in the
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Coast Oyster culture four days after fertilization. At Newport

phospholipid levels then remained at about 10.0% through settlement

and metamorphosis and dropped to 4.7% thirteen days after settlement.

After the rise to 10.2% in the culture reared at Coast Oyster, the

phospholipid level fluctuated between 10.2 to 6.7% attaining 8.8% at

the late eyed veliger stage. The phospholipid level then rose to

11.3% nine days after settlement. The spat reared in Willapa Bay

showed a phospholipid level of 7.2% thirteen days after settlement

(Table VI).

Total carbohydrate as a percentage of the total organic matter

was much lower in all cultures when compared to percentage of protein

and lipid. There was little change in either polysaccharide (mean of

3.0%) or free reducing sugar (mean of 2.6% d

The two size classes (fast and slow growers) isolated after seven

days at Coast Oyster Co. showed little change in absolute organic

content on days 10 and 13. No significant difference was noted in the

organic fractions based on the percentages of total organic matter

(Table VI). Late stage eyed-veligers obtained from other cultures

grown at Newport, Coast Oyster Co. and Netarts Bay showed the means of

percentages of the total organic matter for each organic fraction to

be 80.9 (total protein), 6.8 (neutral lipid), 8.1 (phospholipid),

2.1 (free reducing sugar) and 2.1 (polysaccharide)(Table V). These

results are comparable to those reported from cultures grown through

early post-settlement in this study.

Figure 8 shows a steady accumulation per larva of total organic

matter, total protein, neutral lipid, phospholipid, free reducing
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sugar and polysaccharide after a drop from unfertilized egg to straight

hinge larva (two days after fertilization).

Effect of Starvation on Larvae

There was no appreciable change in shell length during the two

day periods of starvation. The loss of total organic matter and losses

of each biochemical constituent as a percentage of the total are shown

in Table VII. In combination, total protein and neutral lipid account

for 77.3 to 100% of the loss of total organic matter in larvae after

two days of starvation. Total carbohydrate accounted for only 0.0

to 4.5% of the total. Protein provided 54.3% of the total organic

matter used during starvation two days after fertilization. This value

increased to 64.6% when starved after 18 days growth. Neutral lipid

values decreased from 45.7% of the total organic matter used two days

after fertilization to 18.6%, 18 days after fertilization. Converting

these values to caloric equivalents showed that neutral lipid contri-

buted more energy than protein during early larval stages (Table VIII).

The reverse was observed during late larval life.

The total organic matter lost per larva as a result of two days

of starvation increased from 0.003 pg two days after fertilization

to 0.060 pg 18 days after fertilization. The percentage of dry flesh

weight lost after two days starvation decreased from 26.3% two days

after fertilization to 9.9% 14 days after fertilization and increased

to 27.6% 18 days after fertilization (late eyed-veliger stage).



Table VII. Organic Matter Used by C. gigas Larvae During Short Periods of Starvation. The Results
are Given as Means of Two Replicates.

Age of larvae,
in days from
fertilization,
at start of

Mean total
organic
matter

Organic matter
lost during % composition of organic matter
starvation used during starvation

starvation
(starved 2 days) pg/animal peanimal % of total protein

Free reduc- Polysac-
ing sugars charide

Neutral
lipid

Phospho-
lipid

0 0.022

2 0.013 .003 26.3 54.3 0 0 45.7 2.6

10 0.101 .020 20.2 51.2 2.0 2.5 26.1 17.2

14 0.227 .022 9.9 61.2 3.1 0 17.9 17.9

18 0.224 .060 27.6 64.6 1.5 18.6 13.1

Mean 57.8 1.9 1.0 27.1 12.8



/
Table VIII. Conversion of Organic Matter Used During Starvation to Caloric Equivalents (X 10

-
cal/

larva).

Age of larvae, in days
from fertilization, at
start of starvation
(starved 2 days) Total protein

Caloric equivalents (X 10
4

cal/larva)

Neutral lipid Phospholipid

2 0.11 0.15 0.01

10 0.59 0.50 0.33

14 0.77 0.38 0.38

18 2.26 1.09 0.76

Mean 0.93 0.53 0.37
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DISCUSSION

The present study was concerned with changes in proteins, total

carbohydrates, free reducing sugars and total and neutral lipids

during larval development and metamorphosis of the planktotrophic

Pacific Oyster, Crassostrea gigas.

The larvae of C. gigas were planktotrophic for 20-22 days at

Newport and 15 days at Coast Oyster Co. (Breese and Malouf, 1975 and

Lipovsky, personal communication). Developmental times are consistent

within each hatchery and can perhaps be explained by dietary dif-

ferences. Coast Oyster Co. larvae were presented with three food

items concurrently while Newport oysters were fed only one food item.

It has been shown by Loosanoff and Davis (1963) that mixed algal

diets result in faster rate of growth. They also noted another var-

iable in growth rate. In any given culture fast growers and slow

growers were observed. The slow growers usually do not set. It is,

therefore, common practice in commercial hatcheries to selectively

remove slow growers by sieving. At Coast Oyster Co. slow growers were

removed as soon as growth variation was detected. Slow growers were

not selected against (removed) in the Newport hatchery. This bias is

reflected in the data for mean larval size, and mean dry weight per

organism of the Newport cultures (Table III). These cultures were,

therefore, composed of organisms of the same chronological age but of

differing developmental stage. The larval mean of 228.0 pm and range

of 137 -335 pm after 22 days in culture at Newport reflects the var-

iation in growth of the entire population at the onset of settlement.
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The mean total dry weight per animal of Newport cultures also reflects

the variability in growth of the population (Table III).

Several trends were noted when monitoring the biochemical changes

in the larvae, and expressed as content (fig /mg total dry weight)

and level (percent composition). Biochemical content (pig /mg total

dry weight) in all cultures showed a mean decrease of 439.0 pg/mg in

total mean dry weight from unfertilized egg to early swimming veliger.

This drop was associated with the energy needed to commence morpho

genetic activity. Total organic matter then increased until setting

when a second decrease occurred (Tables 5, 6 and 7). This increase

resulted from larval feeding while the decrease at setting was due to

energy utilization during metamorphosis. This cycling was observed at

both hatcheries regardless of the number of days required for settle-

ment.

The change in the quantity of inorganic matter expressed as a

percentage of total dry weight was inversely related to the change in

biochemical content. During larval development inorganic matter in-

creased from approximately 32-57g of the total dry weight of the

fertilized egg to 71-82% at straight hinge stage. This increase

reflects the development of the first larval shell (prodissoconch I)

which is comparable to stage I of planktotrophic development (Bayne,

1972). A further increase in percentage of inorganic matter to 83-85%

of total dry weight reflects the growth of the second larval shell

(prodissoconch II). The decrease in percentage of inorganic matter

from 83-85% to 74-79% prior to setting is due to the increase of

larval tissue relative to shell. Increase in larval tissue is
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commensurate to stage II in planktotrophic development (Bayne, 1972).

This is followed by an increase in percentage of inorganic matter to

88-91% of total organic matter 13 days after settlement. The in-

crease corresponds to the growth of adult shell (dissoconch).

Since the inorganic matter forms a portion of the total dry

wieght, relative changes in biochemical constituents during larval

development are not readily apparent. Relative changes in biochemical

constituents were best understood by expressing the level of each

constituent as a percentage of the total organic matter and expressing

the accumulation for each biochemical constituent on a per larva or

spat basis.

When considering organic matter on a per larva basis, an initial

decrease is seen in proteins, lipids and carbohydrates, followed by

an increase in all components to the eyed veliger stage (Figure 7).

This initial decrease in all fractions indicates that perhaps each

contributes energy to commence morphogenetic activity.

All cultures demonstrated that total protein, as a percentage

of total organic matter, increased during development until settle-

ment then decreased in the Coast Oyster Co. samples and increased in

the Newport samples (Figures 5, 6 and 7). The presettlement rise in

total protein was up to 74.9-75.8% of the total organic matter at

Newport and 80.2% at Coast Oyster Co. The percentage of total protein

at Newport may have been underestimated since the sample contained

eyed and non-eyed veligers whereas the Coast Oyster Co. sample con-

tained only eyed veligers. Since eyed veligers have a higher percen-

tage of total protein, the inclusion of non-eyed veligers depressed
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the total protein value (Figures 5, 6 and 7). Evidence for this

depression in protein level is further supported by sampling eyed

veligers from other cultures at Newport, Netarts Bay Oyster Hatchery

and Coast Oyster Co. The percentage of total protein prior to settle-

ment of eyed veligers was 80.9% (Table V). This compared favorably

with the percentage of total protein for eyed veligers (80.2) from

Coast Oyster Co. (Figure 7). After four days post-settlement,

cultures at both hatcheries contained 77.0-78.9% protein. The fact

that protein levels were the same at both hatcheries lends further

support to the assumption that protein values for eyed veligers at

Newport were underestimated.

Neutral lipid as a percent of total organic matter decreased

throughout early development. Neutral lipid always decreased 11%

(from 21.0 to 10.0%) after four to ten days in culture (Figures 5, 6

and 7). This decrease occurred sooner (day four) at Coast Oyster

Co. than at Newport (day ten). The faster growth rate noted at the

Coast Oyster Co. hatchery perhaps explains the temporal difference

in lipid mobilization. Bayne (1972), in studies with the planktotrophic

bivalve Mytilus edulis, noted that food reserves stored in the egg

were utilized for development from cleaving egg until the feeding

Prodissoconch I larva was attained. This period is one of great mor-

phogenetic activity involving the formation of structures for plank-

tonic swimming and feeding. Bayne found that the stored material was

lipid in nature. Since neutral lipid in C. gigas decreased during

the period of morphogenetic activity, it is probable that neutral

lipids were mobilized to provide energy for structural modifications.
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The decrease relative to other organic fractions suggests the central

role of neutral lipids as an energy source. This is consistent with

the findings of Brody (1945) in which neutral lipids were shown to

yield more than twice the amount of energy than carbohydrates, and

one and one half times the energy of proteins on the basis of calories

per gram dry weight. The neutral lipid level did not vary signifi-

cantly throughout the remainder of larval life including settlement

and metamorphosis (Figures 5, 6 and 7). Neutral lipid was therefore

not drawn upon as a source of energy relative to other organic frac-

tions during metamorphosis.

Phospholipid levels rose initially from 6.0% in the unfertilized

egg to 10.0% in the early veliger (Figures 5, 6 and 7). Since phos-

pholipids play a principle role in the structure of cell membranes,

this rise in probably due to the rapid increase in cell member (a

characteristic of early development). Phospholipid then remained at

a level of 10% of the total organic matter through settlement and

metamorphosis.

All cultures showed that total carbohydrates as a percentage of

total organic matter, remained constant through larval development,

settlement and metamorphosis. There was no evidence of polysaccharides

or free reducing sugars being mobilized as an energy source during

the critical periods of development (straight hinge and metamorphosis).

During settlement and metamorphosis there were no major changes in

the relative percentages of total protein, total lipid and carbohy-

drates (Figures 5, 6 and 7). Perhaps all fractions were utilized at

this critical point of transition from larval to adult life.
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During short periods of starvation, protein constituted increasing

percentages of the organic matter utilized as the culture aged. The

reverse was noted with neutral lipid, and little change was observed

in the free reducing sugars and polysaccharides (Table VII). Con-

verting the mean values of neutral lipid and protein utilized during

starvation to caloric equivalents (Paine, 1971), it was seen that

neutral lipid contributed more energy during early larval development

than protein (Table VIII). The reverse was noted during late larval

life.

The changeover in the principle energy source from neutral lipid

to protein occurred at day ten in the Newport culture (Figure 5).

This change resulted from the consumption of egg-source neutral lipid

during the development of structures for larval swimming and feeding

(stage I and early stage II). Since neutral lipid levels did not

then increase relative to other organic fractions, accumulating pro-

tein was drawn upon as a source of energy (stages II and III and

Figure 5). This trend is unlike that reported for the European oyster

Ostrea edulis and other marine invertebrate species exhibi ing plank-

totrophic development (Table IX).

Holland and Spencer (1973) reported that Ostrea edulis consumed

neutral lipids as a major energy source during settlement and meta-

morphosis. These lipids were accumulated as a result of larval feeding

during stage II. This strategy has also been shown in the gastropod

snails Littorina littorea and L. neritiodes and in the barnacle

Balanus balanoides (Table IX). No data is currently available to show

that neutral lipid was accumulated during stage II in the barnacle



Table IX. Comparison of the Principal Biochemical Components Accumulated and Utilized During the Three
Stages of Planktotrophic Development in Some Marine Invertebrate Species Exhibiting Plankto-
trophic Development.

Species Stage I Stage II
Stage III to settle-
ment and metamorphosis References

Crassostrea gigas

Mytilus edulis

Ostrea edulis*

Littorina littorea*
L. neritoides*

Balanus balanoides*

Neutral lipid
utilized

Protein
accumulated

Neutral lipid and **
phospholipid utilized

** Neutral lipid
accumulated

* *

Neutral lipid
utilized

Balanus balanus* Neutral lipid
utilized

B. perforatus* Neutral lipid
utilized

Pollicipes cornucopia* Neutral lipid
utilized

Chthamalus stellatus* Neutral lipid
utilized

Hatched veligers
level of neutral

**

**

* *

Little change in
levels

* *

Neutral lipid
utilized

Present study

Bayne et al.,
1975

Holland and Spencer,
1973

contain three times the Holland et al.,

lipid of adult flesh 1975

Neutral lipid
utilized

* *

Holland and
Walker, 1975;
Waldock and
Holland, 1978

Barnes, 1965;
Dawson and Barnes,
1966

Achituv and Barnes,
1978

Achituv and Barnes,
1978

Achituv and Barnes,
1976

Contained in planktonic egg capsule during stage I
* Retained within adult during stage I
** No data currently available

In
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and littorine species. However, since the neutral lipid levels in

these species were higher in stage III than stage I, it was assumed

that this energy source was accumulated during larval feeding. The

barnacles Balanus balanus, B. perforatus, Pollicipes cornucopia and

Chthamalus stellatus exhibit a similar trend in neutral lipid utiliza-

tion during stage I to that of B. balanoides. Although data is not

available for stages II and III in these species, it is possible that

neutral lipid would also be utilized during settlement and metamor-

phosis.

Why Crassostrea gigas utilizes protein as the principle source

of energy over neutral lipid during stages II and III may be due to

the fact that this species has evolved the strategy of complete

planktotrophy (egg and sperm are spawned directly into the water

column in which the larvae develop until settling). The blue mussel,

Mytilus edulis, also exhibits complete planktotrophy, showing a similar

pattern of lipid utilization during stage I and early stage II (Table

IX).

The aforementioned species of littorines, barnacles and Euro-

pean oyster have evolved a brooding strategy during stage I. Free

swimming larvae are not released into the water column until stage II.

It has been shown in these species that neutral lipid was the principle

source of energy during stages II and III. The strategy of energy

utilization employed during late larval life might therefore reflect

whether the organism exhibits complete planktotrophy or broods in

early development followed by planktotrophy. More work is needed in

this area in order to resolve this question.
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As previously mentioned the European oyster Ostrea edulis has

evolved a brooding strategy and retains its larvae during stage I

(ten days). The energy sources utilized during this ten day period

were unknown and merit investigation. Wood and Walne (1972) analyzed

the biochemical composition of O. edulis larvae recently released

from various adults. They noted marked variations in the percentages

of lipid in each brood and related this to the rate of larval growth

during the first six days of larval culture (the more lipid the faster

the growth rate). Adult oyster nutrition was therefore shown to affect

the level of neutral lipid in the egg.

Future research in planktotrophic development should address

the following two questions:

1. What is the relationship between adult nutrition, and the amount

of neutral lipid deposited per egg per female and resultant growth

rate?

2. Is there a pattern of neutral lipid mobilization throughout the

planktotrophic stragegy'
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